). The of p50 protein was monitored throughout the purification involvement of these nuclear shuttling proteins in oskar procedure, making use of its capacity to bind oskar mRNA localization suggests that events in the nucleus mRNA. play an instructive role in oskar mRNA localization at We first generated S100 extracts, which we fractionposterior pole cytoplasm. ated by ammonium sulfate precipitation. Sixty-two peroskar mRNA is translationally repressed during transcent of the total binding activity present in the S100 was port, and its translation is activated upon localization of detected in the 0%-30% ammonium sulfate fraction, the mRNA at the posterior pole (Gunkel et al. Figures 4B-4D) . In some instances, although Kin-␤-gal was observed at or near the posterior pole, At stages 9 through 10b, however, an ectopic dot of Oskar is detected in the center of hrp48 K16203 oocytes Staufen protein was dispersed in aggregates throughout the oocyte cytoplasm ( Figures 4C and 4D) . Simultaneous ( Figures 5C and 5D ). The frequencies of mislocalized Oskar and Staufen are similar and, for both, the penedetection of oskar mRNA and Staufen protein revealed that they colocalize in these aggregates, in all three trance of the defect is significantly greater at stage 9 than stage 10 (see Figure 5 legend). Therefore, oskar alleles (data not shown). The observed failure of Staufen and Kin-␤-gal to colocalize ectopically in hrp48 oocytes mRNA is translated ectopically in hrp48 K16203 oocytes, suggesting a defect in translational repression. suggests that Hrp48 may play a role in oskar mRNA Figure 5G ). In contrast, in the hrp48 K16203 heterozygous background, from early ures 5E and 5F). However, the concentrated dot of Staufen detected at the center of hrp48 K16203 oocytes oogenesis onward, high levels of ␤-galactosidase activity are detected in the nurse cells and throughout the ( Figure 5E ) is not detected in hrp48 , 1995, 1994). Mutaphenotype. Although we cannot rule out that Hrp48 regtions reducing hrp48 expression cause developmental ulation of oskar may be indirect, the observed patterning defects and lethality, indicating that hrp48 is essential defects, together with our demonstration that Hrp48 in the fly (Hammond et al., 1997) . A recent study of binds to oskar mRNA and that the osk-lacZ transgene strong hrp48 alleles has identified a role for Hrp48 in is precociously and ectopically expressed when Hrp48 gurken mRNA localization (Goodrich et al., 2004). levels are reduced, strongly suggest that Hrp48 reAlthough hrp48 affects oskar mRNA regulation, it does presses oskar translation via direct binding to the mRNA. not appear to regulate oskar mRNA processing, as the mRNA is accurately spliced in the mutants (T.Y., data not shown). The hrp48 mutants we analyzed also show Discussion defects in the organization of the oocyte microtubules. These defects are due to low levels of Hrp48 in the Genetic screens have led to the identification of several proteins involved in localization and/or in translational mutants, as they are suppressed by expression of hrp48 from a transgene. Given the demonstrated involvement control of oskar mRNA. However, none of these proteins has been shown to bind oskar mRNA directly, and it has of Hrp48 in RNA splicing, localization, and translational control, it is likely that polarity defects in hrp48 mutants therefore been unclear to what extent the two processes are mechanistically linked. In this study, we have identiare caused by deregulation of RNAs whose products are required for oocyte polarization. The dumping defects of fied the oskar mRNA binding protein p50 as Hrp48. We show that Hrp48/p50 binds to several regions in oskar some hrp48 mutant egg chambers suggest that Hrp48 may also regulate the function of the actin cytoskeleton. mRNA (Gunkel et al., 1998) , colocalizes with oskar mRNA However, the oskar-related defects we observe in the oskar translational repression. First, a substantial portion of embryos developing from hrp48 K16203 germline mutants do not resemble anchoring defects: their onset occurs before stage 10, when cytoplasmic streaming clones show A/P patterning defects consistent with misregulation of posterior patterning activity: reduced abcommences, and they decrease in severity as streaming proceeds. The difference in phenotype of the mutants dominal segmentation, presumably due to defects in oskar mRNA localization, and head defects. Second, an we analyzed, in which the level of expression of wildtype Hrp48 protein is reduced, causing polarity defects, enhancement of the head defects caused by overexpression of the oskar 3ЈUTR is observed when hrp48 and those identified by Huynh et al., which express mutant Hrp48 proteins at wild-type levels but show normal levels are reduced, and in extreme cases embryos with a bicaudal phenotype develop. Third, we observe transoocyte polarity (Hammond et al., 1997) , highlights the importance of the threshold of expression of Hrp48 and lational derepression of the lacZ-oskar translational reporter in hrp48 heterozygous females. The absence of the involvement of the protein in multiple RNA regulatory events.
upper panel). UV-crosslinking of proteins in the fractions to oskar BRE region A probe (lower panel). Protein elution was monitored by measuring absorbance of the fractions at 280 nm (upper panel, triangles)
. Relative p50 RNA binding activity (upper panel, circles) was determined by estimating the intensity of the 50 kDa band detected by the UV-crosslinking assay in each fraction (lower panel) and normalization to the 50 kDa band detected in fraction 50. p50 RNA binding activity detected in Schneider cell extract (total) was reduced in the Ͼ30% ammonium sulfate fraction, but enriched in the 0%-30% fraction, which was fractionated by Sephacryl S-300 chromatography (lower panel). p50 RNA binding activity (arrowhead) was enriched in fractions 50-76. To avoid contamination by a closely migrating protein in fractions 50-64, fractions 65 to 76 were pooled for further purification. (D) UV-crosslinking assay of proteins in fractions after Sepharose 4B and RNA affinity chromatography. Pooled flowthough fractions from the Sepharose 4B column (total) were applied to the RNA-affinity column; the column was washed (fractions 1-4) and bound proteins eluted using buffer containing 400 mM NaCl (fractions 6 to 34), and 1 M NaCl (fractions 35 to 40). p50 RNA binding activity (arrowhead) measured by UVcrosslinking of proteins to oskar BRE region A probe was not detected in wash fractions (fractions 2 and 4), and was enriched in fractions 6 to 32. Less p50 RNA binding activity was detected in fractions 34 to 40. Molecular weights are indicated on the left. (E) SDS-PAGE analysis of proteins in pooled fractions of the RNA-affinity chromatography. Fractions 1-3, 9-12, and 21, 23, 25, 27 (21-27), and 35, 37, 39, 41 (35-41) from the RNA-affinity column were pooled and precipitated with Trichloro-acetic acid (final 5%) and analyzed on a 10% SDS-polyacrylamide gel, after staining with Coomassie Brilliant Blue. Bands migrating at 50 kDa in fractions 9-12 and 21-27 were excised for analysis by nanoelectrospray mass spectrometry.
RNAs corresponding to the 5Ј or the 3Ј translation reguthe 5Ј oskar RNA probes ( Figure 2B , left and right panels, respectively). This confirmed that the oskar RNA binding latory regions of oskar mRNA were incubated with ovarian extract, UV crosslinked to bound proteins, digested protein p50 is Hrp48. with RNase A, and immunoprecipitated using antibodies specific for either Hrp48 or Bruno or a control preim-
Hrp48 Distribution and Role during Oogenesis
To study the relevance of Hrp48 during Drosophila oomune serum ( Figure 2B ). Whereas Bruno antiserum precipitated the 70 kDa protein specifically ( Figure 2B , left genesis, we analyzed the phenotype of different alleles of the Hrb27C locus, which encodes Hrp48 and to which panel), the Hrp48 antiserum precipitated the 50 kDa protein specifically, when crosslinked to either the 3Ј or we will refer as the hrp48 gene. Several hrp48 mutant Figures 4B-4D) . In some instances, although Kin-␤-gal was observed at or near the posterior pole, At stages 9 through 10b, however, an ectopic dot of Oskar is detected in the center of hrp48 K16203 oocytes Staufen protein was dispersed in aggregates throughout the oocyte cytoplasm ( Figures 4C and 4D) . Simultaneous ( Figures 5C and 5D ). The frequencies of mislocalized Oskar and Staufen are similar and, for both, the penedetection of oskar mRNA and Staufen protein revealed that they colocalize in these aggregates, in all three trance of the defect is significantly greater at stage 9 than stage 10 (see Figure 5 legend). Therefore, oskar alleles (data not shown). The observed failure of Staufen and Kin-␤-gal to colocalize ectopically in hrp48 oocytes mRNA is translated ectopically in hrp48 K16203 oocytes, suggesting a defect in translational repression. suggests that Hrp48 may play a role in oskar mRNA Figure 5G ). In contrast, in the hrp48 K16203 heterozygous background, from early ures 5E and 5F). However, the concentrated dot of Staufen detected at the center of hrp48 K16203 oocytes oogenesis onward, high levels of ␤-galactosidase activity are detected in the nurse cells and throughout the ( Figure 5E ) is not detected in hrp48 , 1995, 1994) . Mutaphenotype. Although we cannot rule out that Hrp48 regtions reducing hrp48 expression cause developmental ulation of oskar may be indirect, the observed patterning defects and lethality, indicating that hrp48 is essential defects, together with our demonstration that Hrp48 in the fly (Hammond et al., 1997) . A recent study of binds to oskar mRNA and that the osk-lacZ transgene strong hrp48 alleles has identified a role for Hrp48 in is precociously and ectopically expressed when Hrp48 gurken mRNA localization (Goodrich et al., 2004) . levels are reduced, strongly suggest that Hrp48 reAlthough hrp48 affects oskar mRNA regulation, it does presses oskar translation via direct binding to the mRNA. not appear to regulate oskar mRNA processing, as the mRNA is accurately spliced in the mutants (T.Y., data not shown). The hrp48 mutants we analyzed also show Discussion defects in the organization of the oocyte microtubules. These defects are due to low levels of Hrp48 in the Genetic screens have led to the identification of several proteins involved in localization and/or in translational mutants, as they are suppressed by expression of hrp48 from a transgene. Given the demonstrated involvement control of oskar mRNA. However, none of these proteins has been shown to bind oskar mRNA directly, and it has of Hrp48 in RNA splicing, localization, and translational control, it is likely that polarity defects in hrp48 mutants therefore been unclear to what extent the two processes are mechanistically linked. In this study, we have identiare caused by deregulation of RNAs whose products are required for oocyte polarization. The dumping defects of fied the oskar mRNA binding protein p50 as Hrp48. We show that Hrp48/p50 binds to several regions in oskar some hrp48 mutant egg chambers suggest that Hrp48 may also regulate the function of the actin cytoskeleton. mRNA (Gunkel et al., 1998) , colocalizes with oskar mRNA However, the oskar-related defects we observe in the oskar translational repression. First, a substantial portion of embryos developing from hrp48 K16203 germline mutants do not resemble anchoring defects: their onset occurs before stage 10, when cytoplasmic streaming clones show A/P patterning defects consistent with misregulation of posterior patterning activity: reduced abcommences, and they decrease in severity as streaming proceeds. The difference in phenotype of the mutants dominal segmentation, presumably due to defects in oskar mRNA localization, and head defects. Second, an we analyzed, in which the level of expression of wildtype Hrp48 protein is reduced, causing polarity defects, enhancement of the head defects caused by overexpression of the oskar 3ЈUTR is observed when hrp48 and those identified by Huynh et al., which express mutant Hrp48 proteins at wild-type levels but show normal levels are reduced, and in extreme cases embryos with a bicaudal phenotype develop. Third, we observe transoocyte polarity ( interaction between the 5Ј and 3Ј ends of oskar mRNA. Genes Dev. 12, 1652-1664.
